Corn (Zea mays L.) producers in the southeastern United States must overcome soil and water limitations to take advantage of the expanding corn market. In this 2001 to 2005 study on a Cecil sandy loam (fi ne, kaolinitic, thermic Typic Kanhapludult) near Watkinsville, GA, we compared dry land corn biomass and yield under conventional tillage (CT) vs. no-tillage (NT) with ammonium nitrate or sulfate (based on availability) as conventional fertilizer (CF) vs. poultry litter (PL). In a randomized complete block split plot design with three replications, main plots were under tillage and subplots under fertilizer treatments. Th e cover crop was rye (Secale cereale L.). Over 5 yr, NT and PL increased grain yield by 11 and 18%, respectively, compared with CT and CF. Combined, NT and PL increased grain yield by 31% compared with conventionally tilled and fertilized corn. Similarly, soil water was 18% greater in NT than CT in the 0-to 10-cm depth. In 2 yr of measurements, dry matter of stalks and leaves and leaf area index under PL were an average of 39 and 22% greater, respectively, than under CF during reproduction. Values were 21 and 6% greater, respectively, under NT than CT but during tasseling. Analysis of 70 yr of daily rainfall records showed that supplemental irrigation is needed to meet optimal water requirement. Our results indicate that corn growers can use rainfall more effi ciently, reduce yield losses to drought, and expect increased corn yields with a combination of no-tillage management and long-term use of poultry litter.
D
ryland corn production is risky in the southeastern United States due to intermittent droughts and hot weather during the growing season. Until recently, profi t margins limited use of irrigation because of low corn prices and higher production costs. In the past several decades, corn production declined in the southeastern United States as many producers curtailed production to avoid the risk of fi nancial loss. Th is made the southeastern United States a corn defi cit region. In Georgia for example, corn production declined from about 664,000 ha in the 1970s to <121,000 ha in 2006 with signifi cant declines occurring in the 1980s (CAES, 2007a) .
Renewable bioenergy production has substantially increased the price and demand for corn in the last few years. In response to the enactment of the Renewable Fuels Standard in 2005, mandating the use of 28.4 million m 3 (7.5 billion gallons) of renewable fuel in the United States by 2012 (from about 15.1 million m 3 or 4 billion gallons in 2006), the corn-based ethanol industry is expanding at an unprecedented rate (Renewable Fuels Association, 2006) . As a result, future corn hectares in the United States are soon expected to be at their highest since 1944 (CTIC, 2007) .
Corn producers in the southeastern United States must overcome the region's natural limitations of soil and climate to compete for this market. Th ere is also concern that the rising demand for corn will result in converting marginal lands into corn fi elds with conventional tillage methods that have proven unsustainable and resulted in degrading natural resources. Many soils in the southeastern United States have low water holding capacity and/or root restrictive layers. Crusting is also a problem because the soils are low in organic matter and this increases runoff from fi elds. Cecil and related soils exhibit these characteristics and occupy more than half of the 16.7 million ha Southern Piedmont in the southeastern United States (Radcliff e and West, 2000) . Conventional tillage methods, such as disking and harrowing, promote the development of these soil conditions and increase runoff .
High residue no-tillage systems have generally been shown to improve soil quality through increased organic matter and infi ltration, and reduce runoff and soil loss compared with conventional tillage (Bradley, 1995; Endale et al., 2002b; Fawcett et al., 1994; Langdale et al., 1992; Reeves, 1997; Terra et al., 2005) . However, data from peer-reviewed literature estimating the impact of high residue no-tillage management on corn grown in the Southern Piedmont are limited. Earlier studies in the Piedmont focused on no-tillage corn in sod or grass-based systems. Jones et al. (1968) and Bennett et al. (1973) reported no-tillage corn planted into orchardgrass (Dactylis glomerata L.) sod produced similar or greater yields than corn under conventional tillage. In Georgia, Adams et al. (1970) found that conventionally tilled corn following coastal bermudagrass [Cynodon dactylon (L.) Pers] or tall fescue (Festuca arundinacea Schreb.) yielded better than no-tillage corn planted into sod with chemically suppressed vegetation. On the other hand, Wilkinson et al. (1987) found that following a hay harvest and completely killing tall fescue, no-tillage corn had equal or greater yields than did conventional tillage corn.
Poultry production is a signifi cant source of income for many row crop and cattle producers in the southeastern United States. In 2005, 8.9 billion broilers were raised in the United States with a value of about $20.9 billion (NASS, 2007) . Four southeastern states (Alabama, Arkansas, Georgia, and North Carolina) produced about half of these broilers. In the process, more than 10 million Mg of poultry litter (a mixture of bedding material and manure) was produced nationally assuming a rate of 1.14 kg bird -1 yr -1 (Vest et al., 1994) . Poultry litter can be a valuable resource that provides a wide range of plant nutrients and organic matter (Moore et al., 1995; CAES, 2007b) . Research of poultry litter use in enhancing corn production on Piedmont soils is limited. Several recent studies have focused on N availability from fresh or composted poultry litter to regional commercially important crops like cotton (Gossypium hirsutum L.), or residual eff ect to succeeding crops like corn, but these have been more oft en on sandy Coastal Plain soils (Mitchell and Tu, 2005; Cooperband et al., 2002) .
With the anticipated increase in corn production in the southeastern United States, and elsewhere, more research is required quantifying grain and biomass diff erentials arising from diff erent choices of tillage and fertilizer sources across regions to help corn producers make informed decisions. Th e objective of this research was to quantify the agronomic eff ects of no-tillage and poultry litter in production of corn with a rye cover crop in comparison to a conventional tillage and conventional fertilizer production system on a typical Piedmont soil.
MATERIALS AND METHODS
Experimental Site Th e research was conducted from 2001 to 2005 at the USDA-ARS J. Phil Campbell Sr. Natural Resource Conservation Center in Watkinsville, GA (83°24´ W, 33°54´ N) on 12 large (10 bt 30 m 2 ) nearly level (<1.5% slope) plots with drainage tiles set at about a meter depth from the surface. Th e soil is Cecil sandy loam with about a 20-cm thick brown sandy loam Ap-horizon, underlain by a 5-to 10-cm thick BA-horizon of a red sandy clay loam to clay loam texture (Bruce et al., 1983) . Th is is followed by about a 100-cm thick red clay Bt-horizon underlain by about a 30-cm thick red loam to clay loam BC-horizon. Th e C-horizon is a loamy saprolite weathered from felsic igneous and metamorphic rocks.
Average daily air temperature is 6 to 8°C in winter and 23 to 27°C in summer. Frost-free days in the growing season typically range from 200 to 250. Mean annual precipitation is 1242 mm (for 1937-2006) with seasonal monthly variations: fall 76 to 89 mm, winter 103 to 119 mm, spring 96 to 137 mm, and summer 95 to 122 mm per month. Frequent short-term droughts are common in spring and summer and oft en suppress crop yield.
Experimental Procedures
Th e experiment was a randomized complete block split plot design with three replications. Conventional tillage and NT were main plots. Nitrogen fertilizer subplots were either CF applied as ammonium nitrate/sulfate vs. PL. Conventional tillage consisted of 30-cm deep chisel plowing followed by one to two diskings to 20-cm depth and a subsequent 8-cm deep disking with a tandem-disk to smooth the seed bed. Th e only soil disturbance in no-tillage was planting with a four-row notillage planter. Th e no-tillage treatment started in fall of 1991. From 1996 to 2000 cotton research was conducted under the same two tillage and fertilizer regimes (Endale et al., 2002a; Endale et al., 2002c Nitrogen fertilization for corn was at a rate of 168 kg available N ha -1 in all but the third year. In all but the third year, this meant a PL application of 11.25 Mg ha -1 at about 30% moisture assuming 50% mineralization (Vest et al., 1994; CAES, 2007b ) during the corn season (i.e., the litter contained about 336 kg N ha -1 but only half of this became available). In the third year the N application rate was doubled in both tillage treatments (336 ka available N ha -1 ; litter 22.5 Mg ha -1 ) because of interest for detecting potential levels of the hormones estradiol and testosterone coming off the fi eld in runoff or drainage from litter (Jenkins et al., 2004) . Conventional N fertilizer was applied as ammonium nitrate or sulfate (depending on availability) in split applications (Gandy 10T series, pull behind drop fertilizer spreader, Gandy Company, Owatonna, MN) 1 , one-third a day or two before planting, and two-thirds about 33 d later. Th e rye cover crop in the PL treatment was fertilized with litter at 124 kg N ha -1 in 2001, 67 kg N ha -1 in 2002 and 2003, and with ammonium nitrate or sulfate at 67 kg N ha -1 the rest of the period. Since litter application was based on assumption of 50% N mineralization in the current year, residual N mineralization could have increased the amount of N available to corn in subsequent years in the PL treatment. But we expect less and less N to become available each succeeding year from one litter application. Soil analysis was used to determine P and K needs in CF plots. All N, P, and K fertilizers were applied to the surface of plots 1 to 2 d before planting, and incorporated into the soil in CT plots only. Other agronomic activities followed routine regional practices. Dry matter for stalks and leaves, leaf area index, and root mass were estimated from four to six randomly selected plants per plot taken fi ve times each in 2004 and 2005 at approximately 21 d intervals aft er planting. Leaf area index was determined from the fi rst four and roots from the third and fi ft h samplings. Grain yield was determined by hand harvesting and weighing all whole corn ears from each plot. Twenty to 30 ears were then sampled from each plot to determine shelled corn weight. Grain yield was determined in proportion to the whole ear yield of each plot and expressed at moisture equivalent of 155 g kg -1 . Corn plants remaining aft er harvest were shredded with a rotary mower. Operations for the cover crop followed aft er that with same tillage regimes and a no-tillage drill used to plant the rye in both tillage treatments. In 2004 the rye was chemically killed early before the usual spring surge of biomass accumulation to make way for a rainfall simulation study on part of each plot, and the residue averaged only 0.36 Mg ha -1 across plots. Mean rye residue yield across all treatments for the remaining 4 yr varied in the narrow range of 3.45 to 3.97 Mg ha -1 with no diff erence among treatments.
Statistical Analysis
Data analyses were performed using Proc Mixed of SAS (Littell et al., 1996; SAS Institute, 2004 ) Tillage, fertilizer, and the interactions were analyzed with years as repeated measures and block and year as random variables. Th e BIC goodness of fi t criterion was used to select the best fi tting model and error structure for the analysis of variance. Day aft er planting (DAP) was included as a variable for analyses of dry matter and leaf area. Unless otherwise indicated, all signifi cant diff erences are given at P ≤ 0.10. To put the rainfall amount for critical periods during the research in perspective of long-term data, we used 70 yr of daily rainfall records at the research location to develop rainfall exceedance probability tables and curves with the rank-order method referred to as Weibull plotting position formula (McCuen, 1998) .
RESULTS AND DISCUSSION Corn Grain Yield Tillage and Fertilizer Effects
Tillage and fertilizer had signifi cant eff ects on grain yield. Th e tillage × fertilizer interaction was not signifi cant (P = 0.55). Over 5 yr, no-tillage increased grain yield by 11% compared with conventional tillage (Table 1 ; P = 0.032). Poultry litter increased yield by 18% compared with conventional mineral fertilizer (Table 1 ; P = 0.002). While there was no tillage × fertilizer interaction, the tillage and litter impacts combined proportionally in no-tillage plots that received litter since these had 31% more grain yield compared to the conventionally tilled and fertilized plots (8.3 vs. 6.3 Mg ha -1 ) over 5 yr.
A factor likely to have contributed to the superior performance of no-tillage treatment is soil water content ( Fig. 1 for 0-to 15-cm depth in 2001-2002; Fig. 2 for 0-to 10-cm depth in [2003] [2004] [2005] . Th e diff erence in the measurement depths arose because of the diff erent sensors used for soil water measurement. In summary of the 5-yr data (not shown), at 0 to 10 cm (taking the 0-to 15-cm data of 2001-2002 as part of this set) the no-tillage treatment showed greater soil water content (mean 20.9%) over the course of the year than the conventional tillage (mean 17.7%; P = 0.02; a diff erence of 18%). Th e fertilizer source had no eff ect (P = 0.66) on soil water content and there was no tillage × fertilizer interaction (P = 0.86). Over 5 yr there was no eff ect on soil water content at 10-to 20-cm depth associated with tillage (P = 0.26), fertilizer sources (P = 0.63), or the interaction of these eff ects (P = 0.33). Th ere was also no diff erence between treatments in the other depths. Th e signifi cant eff ect at 0-to 10-cm depth is likely the result of both increased infi ltration rates and increased water holding capacity associated with higher organic matter accumulation under no-tillage management (Endale et al., 2002a (Endale et al., , 2002b Reeves, 1997; Soil and Water Conservation Society, 2006) . At other depths, likely greater soil water use by NT corn (more biomass) might have masked soil water content diff erences.
To check for possible diff erences in N availability between the fertilizer treatments, we compared N content of stalks and leaves between the two treatments from 12 samplings from 21 June 2001 to 26 July 2004. Mean N content was 2.23% for the conventional fertilizer and 2.24% for the litter treatment. Moreover, the regression of N content of stalks and leaves between litter and conventional fertilizer treatments had R 2 of 0.97, a slope of 0.98 and an intercept of 0.05. We conclude, therefore, that there was no diff erence in N availability between CF and PL. However, with larger plants or biomass of PL corn there may have been diff erences.
Amounts of P and K added to CF and PL plots were compared based on the litter rate and its nutrient content from each application (Schomberg et al., 2008) . In the 5 yr before the start of this research (cotton-rye), the PL plots had received 2.8 times more P and 2.3 times more K than CF plots (P: 71 vs. 25 and K: 163 vs. 71 kg ha -1 yr -1 ). During this research, before the N application was doubled in 2003, the litter plots received 276 kg P ha -1 yr -1 and 511 kg K ha -1 yr -1 compared with 15 kg P ha -1 yr -1 and 37 kg K ha -1 yr -1 for CF plots (18.4 and 13.8 times, respectively). Subsequently, the litter plots received 249 kg P ha -1 yr -1 and 460 kg K ha -1 yr -1 compared with 23 kg P ha -1 yr -1 and 50 kg K ha -1 yr -1 for CF plots (10.8 and 9.2 times, respectively). Since P and K rates for CF treatment plots were based on soil test recommendations by crop by plot, P and K need would have been met in both fertilizer treatments. .79 ± 0.56a 7.56 ± 0.64b 6.57 ± 0.53a 7.77 ± 0.66b * Means followed by different letters are signifi cantly different at P = 0.10 for contrasts between tillage or fertilizer treatment pairs (CT vs. NT or CF vs. PL). † CT = conventional tillage; NT = no-tillage; CF = conventional fertilizer; PL = poultry litter.
Soil test results for pH, P, Ca, K, Mg, and Zn averaged across cropping phases are presented in Fig. 3 . Soil test results are discussed in detail within and across cropping phases in Schomberg et al. (2008) . Th e cropping phases are made up of: Phase 1, cotton with litter application of 4.45 Mg ha -1 ; Phase 2, corn with litter application of 11.25 Mg ha -1 ; Phase 3, corn with litter application of 22.5 Mg ha -1 ; Phase 4, corn with litter application again of 11.25 Mg ha -1 ; and Phase 5, which is not discussed in this paper, but is the start of pearl millet study with only inorganic fertilization in all plots. During the cotton phase, diff erences in soil test values between CF and PL treatments were minor. Diff erences widened during Phase 2 and increased several fold during Phase 3 and thereaft er. As shown in Fig. 3(a) , pH remained above 6 for the litter treatment, whereas there was a decline for the CF treatments from phase 1 to 4. Similar declines were observed for Ca, K, and Mg (Fig. 3b, 3d, 3e ). On the other hand, soil test P varied in the narrow range of 44 to 59 kg ha -1 , while Zn varied from 3.7 to 7.0 kg ha -1 in CF treatments from phase 1 to 4 ( Fig. 3c  and 3f) .
Th e observed advantages of the litter in enhancing crop performance may have been partly due to diff erences in soil test values discussed above. It is also possible that residual eff ects of nutrients from PL (especially N) under continuous litter application may have positively impacted crop performance in subsequent years as well. For example, N mineralization from PL may have been more than the assumed 50% at times, which might have had a positive impact on crop performance.
Variability by Year
Mean grain yield across treatments varied by year with a fi vefold diff erence between the least and greatest mean yields (Table 1) . Sequentially from 2001, mean yield across treatments was 8.4, 2.2, 5.6, 8.7, and 11.0 Mg ha -1 (SE = 0.46). Likely causes for variability were high temperature stress, pest pressure, and rainfall variability limiting water availability. In 2002, average weekly maximum temperature was above 32.2°C (90°F) and the minimum close to 21°C (70°F) during the reproductive growth stage, which caused stress in the 2002 corn. Insect damage was a primary cause of stress in 2003. Four of the six no-tillage plots had severe damage to the young shoots in several rows soon aft er germination, due to corn rootworm attack, and other insect damage later in the crop season, which reduced plant stand and subsequent grain yield.
Rainfall varied during critical growth periods (Fig. 4) . Corn is particularly sensitive to water stress during its reproductive period (tasseling, pollination, kernel development, and grain fi lling). Water requirement for corn production starts to increase from about V6 to V8 stage about 37 d aft er planting (DAP), with daily water requirement increasing and peaking during early dough stage at 90 to 94 DAP (CAES, 2007a) . Beginning of black layer (physiological maturity) is taken as 110 DAP. In assessing adequacy of rainfall with respect to the optimal water requirement in this research, we compared actual water supply with the optimal requirement for the three critical periods of early vegetative stage (1-36 DAP), V6 to V8 stage through early dough (37-94 DAP), and dough to beginning of black layer stage (95-109 DAP) ( Fig. 4; Table 2 ).
Actual water supply was severely limited in 2002 and conditions for seed germination and early development were particularly unfavorable, and some replanting was necessary to establish good stands. In 2002, all plots received 56 and 66 mm of irrigation on Days 13 and 14 aft er planting, respectively. Th e need to induce runoff to monitor hormone levels partially contributed to the high level of irrigation. No other irrigation occurred during the research. Rainfall was closest to the optimal requirement in 2005 (Table 2) .
Regression analysis revealed that the strongest yieldrainfall correlation was for that between grain yield and rainfall during the reproductive stage including soft dough (Table 3 ). For the tillage treatments the coeffi cient of determination (R 2 ) was 0.75 with no diff erence in intercepts and slopes (P = 0.58). One equation was developed to describe the relationship in both tillage treatments (Table 3) . For the fertilizer treatments, intercepts were not diff erent (P = 0.31) but slopes were (P = 0.03). Two equations were developed, one for CF and the second for PL (Table 3 ). Using this model, rainfall during the reproductive stage including soft dough explained 67% of the yield variability in the CF and 84% in the PL treatments.
Th e correlation improved with regression that included rainfall during the reproductive stage through soft dough as one independent variable, and rainfall and irrigation during vegetative stage as a second independent variable. For the tillage treatments, R 2 was 0.81 with no diff erence in intercepts or slopes (P = 0.13 for each). One equation describing the relationship was developed for both tillage treatments (Table 3) . For the fertilizer treatments, intercepts were not diff erent (P = 0.42), nor was the second slope associated with the second independent variable (P = 0.93), but the fi rst slopes were (P = 0.01). Two equations were developed, one for CF and the second for PL (Table 3 ). Using this model, water supply during the vegetative and reproductive stage including soft dough explained 79% of the yield variability in the CF and 91% in the PL treatments.
We studied probabilities of rainfall amounts likely to occur during the development stages discussed above using rainfall exceedance tables and curves developed from 70 yr of daily rainfall records (Fig. 5) . Th ese data show, for example, that the 50% rainfall exceedance probabilities for the vegetative, reproductive through soft dough, and dough to beginning of black layer stages for April and May planting of corn range from 100 to 110, 173 to 200, and 30 to 60 mm, respectively (Fig. 5) . Th e exceedance probabilities for the optimum rainfalls of 82, 421, and 114 mm (Table 3) for these three stages, respectively, are presented in Fig. 6 . For the vegetative stage, mean exceedance probability for the optimum rainfall is about 66%, which means about 33% of the time (3 to 4 of every 10 yr) it is possible to get less rainfall. In the current experiment, this occurred in 2002 and 2004 (Table 2) . For the reproductive stage through soft dough, exceedance probabilities for optimum rainfall are low with mean of 4.8% for April and 3.6% for May. Th is means about 95% of the time rainfall amount for this period is not optimal. In this research, only in 2005 was rainfall close to optimal. Th e 2001, 2003, and 2004 rainfalls (255-262 mm) have exceedance probabilities of approximately 20 to 30%, which means about 70 to 80% of the time less rainfall is expected in April and May. Exceedance probabilities are again low for the dough to beginning of black layer stage with mean of 10.7% for April and 6.6% for May. About 90% of the time optimal water need from rain is not met for this period. Within these ranges, exceedance probabilities are maximized for 25 April to 3 May planting for the fi rst two stages (Fig. 6) , which as shown correlate well with grain yield. Th ese fi ndings highlight the risk associated with dry land corn production in the area and suggest the need for supplemental irrigation.
Use of no-tillage management would help maximize water use effi ciency through increased infi ltration and water holding capacity compared with conventional tillage under these oft en nonoptimal rainfall periods during corn seasons. Th e yield advantage of no-tillage is enhanced with long-term use of litter as an alternative N source. Droughts like that in 2002 severely limit water supply to the extent that even no-tillage crops suff er water stress but maximizing the rainfall retained in the root zone can minimize the negative impacts.
Dry Matter Production
Analysis of 2 yr (2004 and 2005) of dry matter in stalks and leaves from fi ve dates each year at intervals of approximately 21 d, showed a large fertilizer and DAP eff ect and fertilizer × DAP interaction (P < 0.001 for both). Th ere was a small tillage eff ect and tillage × DAP interaction (P = 0.075 for both). No-tillage had about 21% more dry matter accumulation than conventional tillage at the third sampling, 66 DAP (Table 4) . Th e litter treatment had 58% more dry matter accumulation at 45 DAP, 41% at 66 DAP, 29% at 87 DAP, and 26% at 108 DAP than the conventional fertilizer treatment. Th ese data indicate the season-long benefi t of litter, beginning early in the corn growth period, resulting in relatively greater accumulation of dry matter compared with the conventional fertilizers used in this experiment. It appears growers who wish to harvest a corn crop for biomass would maximize production with no-tillage and litter.
Analysis of leaf area index (LAI) measurements from the fi rst four dates combined for 2004 and 2005 showed a tillage eff ect (P = 0.047), a fairly large fertilizer and DAP eff ect (P ≤ 0.001) and a fertilizer × DAP interaction (P = 0.002). Th e litter treatment had 30, 21, and 15% more LAI than conventional tillage treatment at 45, 66, and 87 DAP (Table 5) . No-tillage produced slightly more leaf area than conventional tillage at 66 DAP.
Analysis of root dry matter measurements from samples taken 66 and 108 DAP combined for 2004 and 2005 showed only a DAP and fertilizer × DAP interaction eff ect (P = 0.037). Th e litter treatment had 55% more root mass at 66 DAP (Table 6) . However, the conventional tillage treatment had developed 25% greater root mass at 108 DAP. Th ese data suggest that the litter enabled the corn to develop close to maximum root mass by 66 DAP (about half way through reproductive period). In contrast, root mass under conventional tillage was 72% more at 108 DAP than at 66 DAP. CONCLUSIONS Th is 5-yr study in the southeastern United States on a typical Piedmont soil showed that growers can conserve and use rainfall more effi ciently, reduce the severity of yield-limiting droughts, and expect increased corn yields with no-tillage and poultry litter. In the study, both no-tillage and poultry litter enhanced corn grain yield compared with conventionally tilled and fertilized corn. No-tillage management enhanced grain yield by 11%. Poultry litter enhanced grain yield by 18%. No-tillage and litter combined enhanced grain yield by 31% over 5 yr compared with conventionally tilled and fertilized corn. Over the course of the study, soil water in no-tillage in the 0-to 10-cm depth was greater by 18% compared with conventional tillage. Litter and no-tillage also increased corn dry matter during the whole reproductive stage (litter) or around the middle of the reproductive stage (tillage) compared with conventional tillage and fertilizer. Th is would give growers additional market options in the bio-energy production industry.
Analysis of 70 yr of daily rainfall records showed that the location receives less than optimum rainfall for corn production about 33% of the time before initiation of tasseling, 95% of the time from initiation of tasseling to early dough stage, and 90% of the time from dough stage to beginning of black layer. However, no-tillage and poultry litter increased corn grain yield over 5 yr in which 1 yr received only 20%, three received about 62%, and the fi ft h about 95% of the optimum rainfall required during the critical tasseling to early dough period. Th is suggests that in areas with targeted supplemental irrigation, the advantage of superior infi ltration and water holding capacity under no-tillage can be used to increase corn biomass and yield in years receiving less than optimal rainfall and increase effi ciency of water use from rain and/or irrigation.
